, and 17.6 cm, respectively. The mean Nash-Sutcliffe efficiency and relative error of the daily discharge were 0.64 and 6.58%, respectively.
INTRODUCTION
The Qinghai-Tibet plateau, northwestern alpine area, and Northeastern China are the three major cold regions of China (Chen et al. ) . They not only cover about 43.5% of the total land area but are also the primary headsprings of the water supply for the arid and semiarid regions of 
METHODOLOGY Description of the WEP-L model
The WEP-L model has been successfully applied to several basins in Japan, Korea, and China (Jia & Tamai ; Jia et al. ) . It combines the merits of physically based spatially distributed (PBSD) models (Refsgaard et al. ) and the soil-vegetation-atmosphere transfer (SVAT) scheme to represent spatially variable water and energy processes in soils with complex land covers. To consider the impact of the topography and land cover on the water cycle in large basins, the spatial calculation unit of the WEP-L model is contour bands inside small sub-basins. 
Soil freezing status
The soil freezing status is divided into three types. (1) For the unfrozen type, the soil temperature (T s ) is above 0 W C, and there is no solid water in the soil layer. (2) For the frozen type, T s is lower than T f (i.e., the threshold temperature value). The soil is assumed to be completely frozen with a residual unfrozen amount. According to measurements, when the soil temperature is less than À10 W C, the liquid water content of the soil is stable at about 0.09 cm 
where z is the soil depth (m) that represents each soil layer,
, t is the time (s), ρ i is the ice density (920 kg/ m 3 ), L i is the latent heat of fusion (3.35 × 10 6 J/kg), and θ i is the soil volumetric ice content. Equation (2) describes the heat transfer among soil layers at different depths and the changes in the soil temperature and water phase. We can use the numerical iterative method to solve Equation (2). Then, the finite difference scheme can be written as:
where j is the number of soil layers and k is the time. If the time step is 1 day, k þ 1 represents the day after. The other variables are the same as those defined previously.
The composite soil heat capacity C V is expressed as (Jansson & Moon ):
where θ s is the soil saturated water content, θ l is the soil liquid water content, and C s , C l , and C i are the heat capacities of soil, water, and ice, respectively.
The thermal conductivity is a complex function of the soil moisture and constituents. The Coup model and other models calculate the thermal conductivity by using different equations depending on the soil freezing status; however, this approach requires the determination of several parameters. In consideration of the parameter determination, here the soil thermal conductivity was calculated by using the IBIS model (Foley et al. ):
where λ st is the dry soil thermal conductivity (W/(m• W C)) and ω sand , ω silt , and ω clay represent the volumetric fractions of sand, silt, and clay, respectively.
Soil temperature
The energy flux drives the changes in the soil temperature and water phase, while the soil temperatures of different soil layers impact the soil sensitive heat. The temperature of the top soil layer is calculated with the FRD method.
For other soil layers, the temperature at the middle part of a soil layer is used to represent its average temperature.
The soil temperature and heat flux between adjacent soil layers can be calculated as follows (Chen et al. b) : 
where D(θ l ) and K(θ l ) are the hydraulic diffusivity and hydraulic conductivity, respectively, for unsaturated soil and ρ l is the density of water (kg/m 3 ). K(θ l ) is closely related to the saturated hydraulic conductivity K s , which is corrected by the soil temperature (Jansson & Moon ):
where θ r is the soil residual moisture content, n is the Mualem constant, K s is the saturated hydraulic conductivity of the soil temperature correction (cm/s), and K 0 is the initial saturated hydraulic conductivity (cm/s).
Modeling procedure of soil heat and water transfer
The WEP-COR model couples the calculation of the soil heat and water transfer processes with the WEP-L model. There are two parts to the iterative computations.
First, the water and heat equations of the frozen soil are solved following Equations (3)- (7). Then, the soil moisture migration caused by evaporation, infiltration, and gravity drainage is calculated. n is the iterations of the former, and m is the iterations of the latter. Table 1 were measured at the Qianguo experiment station. Based on the texture information, the soils were reclassified into four categories: sand, loam, clay loam, and clay. The main soil moisture characteristics in Table 2 were taken from Jia et al. RMSE, NSE, and RE can be calculated as follows: 
where n is the number of observations, O i is the observed value, O is the mean observed value, and S i is the simulated value. For the NSE, the best value is 1, and a negative value means that the model is not credible.
RESULTS AND DISCUSSION
Soil temperature simulation (Table 1) ; the parameters were the same from the third to 11th layers. In addition, the minimum simulated soil temperature was lower than that observed. This previous error may have resulted in the later underestimation during the thawing period. The soil thermal conductivity may also be greater than the simulation, so the simulated soil temperature rose slower than that observed during the thawing period. Table 3 presents the NSE and RMSE of the soil temperature at different depths. The layer at 120 cm had missing data, which led to a higher NSE value compared to other layers because only the freezing period was represented and not the FT periods. The mean NSE was 0.92, and the mean RMSE was 1.21 W C. Overall, the soil temperature simulated with the WEP-COR model was similar to the observed data.
Soil moisture simulation and 5(c) show that the simulated total water content was less than that measured, which may have resulted from the higher simulated values of evaporation. The simulated liquid water content was higher than that measured, which was probably caused by the differences in soil temperature.
On 22 February, the soil water distribution showed a 'V'
shape, which indicates that the soil frozen depth was almost at the maximum (Cheng & Wu ; Hayashi et al.
).
Figure 5(e) shows an 'O' shape for the water distribution, which means that both the upper and bottom soil layers were thawing. However, the simulated thaw rate was less than that measured. The heat flux of the middle layer was overestimated, so the liquid water content was higher than that measured. Figure 5 (f) shows that the total water content was equal to the liquid water content, which indicates that the soil thawing process was completed. Table 4 presents the statistical values, and the mean RMSEs for the unfrozen water content and total water content were 0.035 and 0.034 cm 3 /cm 3 , respectively.
Soil freezing depth simulation Figure 6 shows the simulated and observed soil freezing depths during the FT periods from 2011 to 2012. As the temperature decreased, the soil began to freeze in mid-November and reached the maximum frozen depth in early March.
When heat from the atmosphere was less than the energy required to keep the basal freezing state, the frozen soil began to thaw on the surface and at the bottom ( Water discharge simulation Figure 8 presents the simulation results of the WEP-L and WEP-COR models for the daily discharge, and Table 5 presents the statistical test. The graphs indicate that the variation tendencies of the simulations were consistent with the observations. However, the WEP-L model without Figure 8 shows that the simulated daily [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] . (b) Validation (1986 Validation ( -1995 . 
Analysis of flow components
Based on the analysis presented in the last section, we inferred that the improved performance of the WEP-COR [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] . (b) Validation (1986 Validation ( -1995 . (Figure 9 ). Table 6 presents the statistical test. In addition, the flow components from February to May were calculated, and the monthly statistical results are shown in Figure 10 . As shown in Figure 9 , the simulated daily river discharge of the WEP-L model was lower than that observed, while the simulation result of the WEP-COR model showed good agreement with the observation. The RE of the WEP-L model was À73.33%.
In contrast, the RE of the WEP-COR model was À6.26%.
Although both models underestimated the daily river discharge, the WEP-COR model clearly showed an improved performance. 
CONCLUSIONS
The WEP-COR model was developed to improve the model- 
